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Induction  and  maintenance  of  antibody  and  T  cell  responses  will  be 
critical  for  developing  a  successful  vaccine  against  HIV.  A  rational 
approach  for  generating  such  responses  is  to  design  vaccines  or 
adjuvants  that  have  the  capacity  to  activate  specific  antigen- 
presenting  cells.  In  this  regard,  dendritic  cells  (DCs)  are  the  most 
potent  antigen-presenting  cells  for  generating  primary  T  cell  re¬ 
sponses.  Here,  we  report  that  Toll-like  receptor  (TLR)  agonists  and 
ligands  that  activate  DCs  in  vitro  influence  the  magnitude  and 
quality  of  the  cellular  immune  response  in  nonhuman  primates 
(NHPs)  when  administered  with  HIV  Gag  protein.  NHPs  immunized 
with  HIV  Gag  protein  and  a  TLR7/8  agonist  or  a  TLR9  ligand  [CpG 
oligodeoxynucleotides  (CpG  ODN)]  had  significantly  increased 
Gag-specific  T  helper  1  and  antibody  responses,  compared  with 
animals  immunized  with  HIV  Gag  protein  alone.  Importantly, 
conjugating  the  HIV  Gag  protein  to  the  TLR7/8  agonist  (Gag- 
TLR7/8  conjugate)  dramatically  enhanced  the  magnitude  and  al¬ 
tered  the  quality  of  the  T  helper  1  response,  compared  with  animals 
immunized  with  HIV  Gag  protein  and  the  TLR7/8  agonist  or  CpG 
ODN.  Furthermore,  immunization  with  the  Gag-TLR7/8  conjugate 
vaccine  elicited  Gag-specific  CD8+  T  responses.  Collectively,  our 
results  show  that  conjugating  HIV  Gag  protein  to  a  TLR7/8  agonist 
is  an  effective  way  to  elicit  broad-based  adaptive  immunity  in 
NHPs.  This  type  of  vaccine  formulation  should  have  utility  in 
preventive  or  therapeutic  vaccines  in  which  humoral  and  cellular 
immunity  is  required. 

vaccine  |  dendritic  cell  |  cross-presentation  |  cellular  immunity 

Tuberculosis,  malaria,  and  AIDS  are  three  major  causes  of 
death  worldwide.  Effective  vaccines  against  such  infectious 
diseases  will  require  antibody  and  T  cell  responses  or  both.  At 
present,  live-attenuated  vaccines  are  the  only  licensed  formula¬ 
tion  to  elicit  potent  and  sustained  T  cell  responses  in  people.  Live 
vaccines,  however,  may  be  limited  to  use  against  pulmonary 
tuberculosis  and  HIV  because  of  lack  of  efficacy  and  potential 
safety  constraints,  respectively.  Hence,  there  is  an  urgent  need  to 
develop  nonlive  vaccine  formulations  capable  of  generating  T 
helper  1  (Thl)  and  CD8+  T  cell  responses  in  humans.  In  a  variety 
of  experimental  mouse  models  of  intracellular  infection,  vac¬ 
cines  that  activate  dendritic  cells  (DCs)  (1)  via  specific  Toll-like 
receptors  (TLRs)  (2)  markedly  enhance  T  cell  responses  (3) 
sufficient  to  mediate  protection  (4).  DCs  are  heterogeneous  and, 
in  humans  and  nonhuman  primates  (NHPs),  are  comprised  of 
CDllc+  conventional  (c)DCs  and  CD123+  plasmacytoid 
(p)DCs  (5,  6).  cDCs  have  higher  expression  of  MHC  class  II  and 
costimulatory  molecules  and  are  more  efficient  antigen- 
presenting  cells  than  are  pDCs  for  initiating  primary  immune 
responses  (3,  4,  7,  8).  In  addition,  cDCs  enhance  the  differen¬ 
tiation  of  Thl  cells  through  production  ofIL-12  (9, 10).pDCs  are 
notable  for  their  capacity  to  secrete  IFN-a  (11-14).  IFN-a  can 
induce  Thl  differentiation  in  humans  (15),  enhances  expansion 
of  CD8+  T  cell  responses,  and  is  required  for  cross-presentation 
in  mice  (16).  Based  on  studies  in  vitro  with  human  cells  (10,  17) 


and  in  vivo  in  mice  (4,  7,  11),  it  has  been  speculated  that  these 
DC  subsets  have  unique  but  complementary  roles  for  initiating 
and  maintaining  cellular  immune  responses.  Their  potential  role, 
however,  in  generating  primary  T  cell  responses  in  NHPs  or 
humans  in  vivo  remains  to  be  determined.  Because  NHP  and 
human  DCs  express  TLR7  and  TLR9  (12, 18, 19),  whereas  cDCs 
express  TLR7  and  TLR8  (12,  19),  TLR  agonists  or  ligands 
selective  for  such  receptors  may  help  delineate  the  potential 
contribution  these  DC  subsets  have  for  generating  primary 
cellular  immune  responses  in  vivo.  Here,  we  show  how  TLR7/8, 
TLR8  agonists,  or  a  TLR9  ligand  affect  the  magnitude  and 
quality  of  the  humoral  and  cellular  immune  response,  when  used 
as  vaccine  adjuvants  with  HIV  Gag  protein  in  NHPs.  Impor¬ 
tantly,  these  studies  show  that  conjugating  the  HIV  Gag  protein 
to  the  TLR7/8  agonist  enhanced  Thl  immunity,  mediated 
cross-presentation,  and  altered  the  quality  of  such  responses. 

Materials  and  Methods 

Animals.  Indian  rhesus  macaques  were  stratified  into  comparable 
groups  based  on  age,  weight,  sex,  and  frequency  of  naive  T  cells. 
Animals  were  maintained  at  the  animal  facility  of  the  Walter 
Reed  Army  Institute  of  Research/Naval  Medical  Research 
Center  (Silver  Spring,  MD).  All  experiments  were  conducted 
according  to  the  guidelines  of  the  National  Research  Council, 
under  protocols  approved  by  the  Institutional  Animal  Care  and 
Use  Committee  at  the  Walter  Reed  Army  Institute  of  Research/ 
Naval  Medical  Research  Center,  and  the  National  Institutes  of 
Health. 

Immunizations.  Animals  were  injected  s.c.  at  4-week  intervals  with 
HIV  Gag  protein  (200  /ag),  with  or  without  CpG  oligode¬ 
oxynucleotides  (CpG  ODN)  (2  mg),  the  TLR7 /8  agonist  (2  mg) 
(20),  the  TLRS  agonist  (2  mg)  (20),  or  HIV  Gag  protein 
conjugated  to  the  TLR7/8  agonist  (Gag-TLR7/8  conjugate) 
(200  mg),  with  PBS  as  a  diluent.  Injections  were  done  in  a  total 
volume  of  0.5  ml  in  two  sites  on  the  back  separated  by  6  cm.  As 
negative  controls,  three  animals  were  treated  with  PBS,  the 
TLRS  agonist,  or  CpG  ODN  only. 

Reagents.  Cytosine  phosphate  guanosine  oligodeoxynucleotides 
“C”  class  (CpG  ODN,  2395)  were  purchased  from  Coley  Phar¬ 
maceutical  Group  (Ottawa,  Canada).  The  TLR7/8  agonist 
(3M-012),  a  structural  analogue  of  3M-003,  and  the  TLR8 
agonist  (3M-002)  were  provided  by  3M  Pharmaceuticals  (20). 


Abbreviations:  CpG  ODN,  cytosine  phosphate  guanosine  oligodeoxynucleotides;  DC,  den¬ 
dritic  cell;  cDC,  conventional  DC;  NHP,  nonhuman  primate;  PBMCs,  peripheral  blood 
mononuclear  cells;  PE,  phycoerythrin;  Th,  T  helper;  TLR,  Toll-like  receptor. 

^Present  address:  Integrated  Department  of  Immunology,  University  of  Colorado  Health 
Sciences  Center,  Denver,  CO  80202. 

**To  whom  correspondence  should  be  addressed.  E-mail:  rseder@mail.nih.gov. 
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Purified  recombinant  HIV  Gag  p41  protein  (HXB2  isolate)  was 
made  by  the  Protein  Purification  Group  at  the  National  Cancer 
Institute  (Frederick,  MD).  Endotoxin  levels  were  <0.05  endo¬ 
toxin  units.  The  conjugation  of  the  HIV  Gag  protein  to  the 
TLR7 /8  agonist  (Gag-TLR7 /8  conjugate)  was  performed  at  3M 
Pharmaceuticals,  as  outlined  below.  An  extensive  biochemical 
and  functional  analysis  excluded  the  presence  of  contaminating 
Gag  peptides  in  the  HIV  Gag  protein  and  the  Gag-TLR7/8 
conjugate  preparation.  Clinical-grade  rADV-Gag  was  obtained 
from  GenVec  (Gaithersburg,  MD)  (21). 

Conjugation  of  the  TLR7/8  Agonist  to  HIV  Gag  Protein.  The  TLR7/8 
agonist  (3M-012)  and  HIV  Gag  protein  were  mixed  at  approx¬ 
imately  a  10:1  drug-to-protein  ratio  in  a  96-well  polypropylene 
plate  at  pH  9-9.5  and  exposed  for  2-5  min  to  UV  light.  The 
resulting  conjugate  was  extensively  dialyzed  in  PBS  by  using  a 
10-kDa  membrane,  effectively  removing  any  nonconjugated 
TLR7 /8  agonist  and  peptides  £30  amino  acids.  There  were  no 
peptides  detected  by  MALDI  analysis.  The  conjugation  proce¬ 
dure  was  performed  under  endotoxin-free  conditions.  A  func¬ 
tional  in  vitro  assay  to  determine  the  immunogenicity  of  the 
Gag-TLR7/8  conjugate  showed  that  comparable  amounts  of 
IFN-o:  were  elicited  from  human  pDCs  in  response  to  1  /ag/ml 
of  either  the  Gag-TLR7 /8  conjugate  or  the  free  TLR7 / 8  agonist 
(data  not  shown).  Similarly,  IL-12p40/p70  production  from 
NHP  peripheral  blood  mononuclear  cells  (PBMCs)  was  compa¬ 
rable  when  the  same  concentration  of  the  Gag-TLR7 /8  conju¬ 
gate  and  free  TLR7/8  agonist  (see  Fig.  5,  which  is  published  as 
supporting  information  on  the  PNAS  web  site)  were  used. 

Preparation  of  PBMCs.  PBMCs  were  isolated  from  fresh  blood  by 
Ficoll  density  centrifugation  by  using  Accuspin  tubes  (Sigma) 
according  to  the  manufacturer’s  instructions.  Cells  were  used 
immediately  or  after  cryopreservation  for  ELISPOT  analysis  or 
intracellular  FACS  staining.  Similar  results  were  seen  when  fresh 
or  cryopreserved  cells  were  used. 

Detection  of  Gag-Specific  IFN-y-  and  IL-2-Producing  Cells  by  ELISPOT 
Assay.  The  frequency  of  IFN-y-  and  IL-2-producing  cells  from 
PBMCs  was  determined  by  ELISPOT  assay.  Briefly,  2  X  105 
PBMCs  were  added  in  triplicate  to  96-well  plates  coated  with 
anti-human  IFN-y  (Bender  MedSystems,  Vienna)  or  IL-2  (BD 
Biosciences  Pharmingen).  HIV  Gag  pooled  peptides  (2  /xg  of 
15-mer  peptides  overlapping  by  11  amino  acids  spanning  the 
entire  protein)  were  added  per  well  and  incubated  for  18  h  at 
37°C.  The  number  of  spot-forming  cells  was  determined  by  using 
the  Axioplan  2  imaging  system  (Zeiss). 

Polychromatic  Flow  Cytometry.  PBMCs  (5  X  106)  were  stimulated 
in  complete  RPMI  medium  1640  for  6  h  with  aCD28,  «CD49d, 
and  Brefeldin  A  (10  /xg/ml  each),  with  or  without  2  p-g/ml  HIV 
Gag  peptides.  After  stimulation,  cells  were  washed  twice  in 
FACS  buffer  and  surface-stained  with  anti-CD4  Cascade  blue 
(CB),  anti-CD8  phycoerythrin  (PE)  Cy5.5,  anti-CD95  allophy- 
cocyanin,  and  anti-CD45RA  Texas  red  PE  (TRPE).  In  addition, 
during  this  staining,  ethidium  monoazide  bromide  (EMA)  (1 
/Lig/ml)  was  included  to  label  dead  cells.  Cells  were  incubated  for 
15  min  in  the  dark  at  room  temperature  (RT)  and  exposed  for 
10  min  to  fluorescent  light  to  photolink  the  EMA  to  the  DNA. 
After  washing,  fixing,  and  permeabilization,  cells  were  stained 
with  anti-IFN-y  FITC,  anti-IL-2  PE,  anti-TNF-a  PE  Cy7,  and 
anti-CD3  allophycocyanin  Cy7  for  20  min  at  RT.  Cells  were 
washed  twice,  resuspended  in  1%  paraformaldehyde,  and  ana¬ 
lyzed  by  FACS.  Cells  (6  X  105  to  1  X  106)  were  acquired  on  a 
LSR II  flow  cytometer  (BD  Bioscience  Pharmingen),  and  FACS 
data  were  analyzed  by  using  flowjo  software  (Tree  Star, 
Ashland,  OR).  All  mAb  reagents,  either  purified  or  preconju¬ 
gated,  except  for  CD45RA  TRPE  (Immunotech/Beckman 


Coulter),  were  obtained  from  BD  Bioscience  Pharmingen.  An¬ 
tibodies  that  were  not  preconjugated  (anti-CD8  PE  Cy5.5  and 
anti-CD4  CB)  were  conjugated  in  the  laboratory  of  M.  Roederer 
(Vaccine  Research  Center,  National  Institutes  of  Health)  by 
using  standard  protocols  (http://drmr.com/abcon/index.html). 
All  reagents  were  validated  by  titration  and  comparison  with 
commercial  conjugates  of  the  same  clone. 

Detection  of  Serum  Antibodies.  HIV  Gag-specific  antibodies  were 
detected  in  serum  obtained  from  animals  after  the  fourth 
immunization  injection.  Ninety-six-well  plates  were  coated  with 
HIV  Gag  protein,  serum  samples  were  added  in  serial  dilutions, 
and,  after  incubation  with  horseradish-peroxidase-conjugated 
anti-IgG  (BD  Bioscience  Pharmingen),  plates  were  developed  by 
using  3,3',5,5'-tetramethylbenzidine  substrate-chromogen 
(DAKO). 

Statistics.  All  group  comparisons  were  done  by  using  t  tests  for 
unequal  variances  on  log-transformed  data.  P  values  <  0.05  were 
considered  significant. 

Results 

The  Frequency  of  IFN-y-  and  IL-2-Producing  Cells  After  Immunization. 

Based  on  their  potent  and  selective  stimulatory  effects  on  IL-12 
and  IFN-a  production  from  NHP  PBMCs  and  human  pDCs  and 
cDCs  in  vitro  (Fig.  5),  the  ability  of  the  TLR7/8,  TLR8  agonist, 
or  CpG  ODN  to  elicit  adaptive  immune  responses  in  NHPs  when 
administered  with  HIV  Gag  protein  was  assessed.  In  addition, 
based  on  our  recent  mouse  study  showing  that  immunogenicity 
for  adaptive  responses  was  markedly  improved  if  the  HIV  Gag 
protein  was  physically  conjugated  to  the  TLR7/8  agonist  (Gag- 
TLR7/8  conjugate),  a  group  of  NHPs  also  received  this  conju¬ 
gate  vaccine  (22).  The  animals  were  immunized  four  times  at 
4-week  intervals  and  followed  for  up  to  20  weeks.  Animals 
injected  with  HIV  Gag  protein  plus  the  TLR7 /8  agonist  or  CpG 
ODN,  but  not  the  TLR8  agonist,  had  significantly  higher  fre¬ 
quencies  of  IFN-y-  (Fig.  L4)  and  IL-2-  (Fig.  IB)  producing  cells, 
compared  with  immunization  with  HIV  Gag  protein  alone. 
Animals  immunized  with  the  Gag-TLR7/8  conjugate  had  the 
highest  frequencies  of  both  IFN-y-  (Fig.  1  A)  and  IL-2-  (Fig.  IB) 
producing  cells,  compared  with  the  other  vaccine  groups.  These 
responses  increased  with  each  injection  and  were  sustained  for 
up  to  8  weeks  after  the  final  immunization  (week  20).  Of  note, 
the  frequency  of  IFN-y-producing  cells  elicited  by  the  Gag- 
TLR7/8  conjugate  was  substantially  higher  than  those  observed 
from  another  study  after  immunization  of  NHPs  with  plasmid 
DNA  encoding  HIV  Gag  (23).  Finally,  we  did  not  detect  any 
Gag-specific  production  of  IL-4  or  IL-10  from  PBMCs  stimu¬ 
lated  ex  vivo  in  any  of  the  vaccine  groups  after  immunization 
(data  not  shown).  These  data  show  that  a  protein-based  vaccine 
is,  indeed,  capable  of  eliciting  strong  cellular  immune  responses 
in  NHPs  when  administered  with  a  TLR7/8  agonist  or  a  TLR9 
ligand.  Importantly,  conjugation  of  the  HIV  Gag  protein  to  the 
TLR7/8  agonist  had  a  striking  effect  on  increasing  the  magni¬ 
tude  of  these  responses. 

Characterization  of  T  Cell  Responses  by  Multiparameter  Flow  Cytom¬ 
etry.  To  extend  the  analysis  of  the  cellular  immune  responses 
generated  after  immunization,  nine-color  flow  cytometry  was 
used  to  characterize  the  phenotype  and  enumerate  the  fre¬ 
quency  of  memory  CD4+  and  CD8+  T  cells  producing  IL-2, 
IFN-y,  and  TNF-a  after  ex  vivo  stimulation.  Such  cytokines  are 
important  for  sustaining  memory  (IL-2)  and  mediating  effec¬ 
tor  function  (IFN-y  and  TNF-a)  and,  thus,  provide  an  assess¬ 
ment  of  the  quality  of  the  response.  A  gating  tree  from  a 
representative  animal  immunized  with  the  Gag-TLR7/8  con¬ 
jugate  is  shown  in  Fig.  2.  CD4+  and  CD8+  T  cells  were  further 
separated  into  CD45RA+CD95“  and  CD45RA“CD95+, 
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Fig.  1.  IFN-y-  and  IL-2-producing  cells  are  increased  after  immunization  with 
HIV  Gag  protein  and  a  TLR7/8  agonist  or  CpG  ODN.  NHPs  were  immunized 
four  times  at  4-week  intervals  with  HIV  Gag  protein,  with  or  without  CpG 
ODN,  TLR7/8,  orTLR8  agonist.  An  additional  group  was  immunized  in  a  similar 
manner  with  HIV  Gag  protein  conjugated  to  the  TLR7/8  agonist  (Gag-TLR7/8 
conjugate).  PBMCs  were  harvested  at  various  times  postimmunization,  and 
the  frequency  of  IFN-y-  (A)  and  IL-2-  (B)  producing  cells  was  determined  by 
ELISPOT  assay.  Data  show  the  means  (±SD)  of  five  animals  for  all  time  points 
except  week  20  (Gag  plus  CpG  ODN  =  1  animal  only).  P<  0.05,  compared  with 
Gag  group  (*)  or  compared  with  all  other  groups  (**).  f  indicates  time  of 
immunization;  ND,  not  determined. 


which  have  been  shown  in  NHPs  to  distinguish  between  naive 
and  memory  cells,  respectively  (24).  Essentially  all  cytokine- 
producing  T  cells  were  CD45RA“CD95+.  This  population  was 
used  to  calculate  the  total  magnitude  and  quality  of  the 
cytokine  response  and  will  be  referred  to  as  memory  cells. 
Within  the  gated  CD4+  or  CD8+  CD45RA"CD95+  memory  T 
cell  population,  cells  were  then  segregated  into  IFN-7-  or 
IFN-7+  cells  and  further  assessed  for  production  of  IL-2  and 
TNF-a  or  both.  This  analysis  revealed  seven  functionally 
distinct  populations  producing  IL-2,  IFN-7,  and  TNF-a,  indi¬ 
vidually  or  in  any  combination.  Together,  such  populations 
comprise  100%  of  the  total  CD4  or  CD8  memory  cytokine 
response,  and  are  represented  pictorially  by  the  pie  charts  in 
Figs.  2  and  3. 

Gag-TLR7/8  Conjugate  Immunization  Generates  Polyfunctional  Thl 
and  CD8+  T  Cell  Responses.  The  magnitude  of  the  total  Gag- 
specific  memory  CD4+  T  cell  cytokine  responses  comprising 
the  combined  frequency  of  IL-2-,  IFN-y-,  or  TNF-a-producing 
cells  are  presented  for  individual  animals  from  each  vaccine 
group  after  the  fourth  immunization  (Fig.  3 A).  Consistent  with 
the  above  data,  NHPs  immunized  with  the  Gag-TLR7/8 
conjugate  had  the  highest  total  cytokine  responses,  compared 
with  all  other  vaccine  groups.  Moreover,  animals  immunized 
with  HIV  Gag  protein  and  the  TLR7/8  agonist  or  CpG  ODN 
had  higher  responses  than  animals  that  received  HIV  Gag 
protein,  with  or  without  the  TLR8  agonist  (Fig.  3 A).  With 
regard  to  the  quality  of  such  responses,  the  extremely  low 
frequency  of  total  memory-cytokine-producing  cells  in  NHPs 
immunized  with  HIV  Gag  protein,  with  or  without  the  TLR8 
agonist,  precluded  a  consistent  determination  of  the  relative 
frequencies  of  distinct  cytokine-producing  populations  among 
the  four  animals  in  these  vaccine  groups.  The  quality  of  the 
memory  CD4+  T  cell  cytokine  responses  derived  from  the 
average  of  the  individual  animals  after  immunization  with 
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Fig.  2.  Functional  characterization  of  IL-2-,  IFN-y-  or  TNF-a-producing  mem¬ 
ory  T  cells  by  multiparameter  flow  cytometry.  PBMCs  were  analyzed  after  the 
fourth  immunization  by  nine-color  flow  cytometry.  The  gating  strategy  is 
shown  on  a  representative  animal  immunized  with  Gag-TLR7/8  conjugate. 
The  pie  charts  show  the  quality  of  the  cytokine  response,  comprised  of  seven 
functionally  distinct  populations  producing  IL-2,  IFN-y,  and  TNF-a,  individually 
or  in  any  combination.  The  percentages  shown  are  based  on  the  production 
of  the  respective  cytokines  within  the  CD45RA~CD95+  CD4+  or  CD8+  popu¬ 
lation.  FSC,  forward  scatter;  EMA,  ethidium  monoazide  bromide;  SSC,  side 
scatter. 


HIV  Gag  protein  plus  CpG  ODN  or  the  TLR7/8  agonist  was 
similar  (Fig.  3 B),  with  =40%  of  cells  producing  IFN-7  only. 
Interestingly,  the  composition  of  the  cytokine  response  was 
dramatically  altered  when  the  HIV  Gag  protein  was  conju¬ 
gated  to  the  TLR7/8  agonist  with  =40%  of  memory  CD4  T 
cells  producing  all  three  cytokines  (IL-2,  IFN-7,  and  TNF-o:) 
and  a  second  major  population  secreting  IFN-7  and  TNF-a. 
Collectively,  these  data  illustrate  the  heterogeneity  of  Thl 
responses  and  show  that  conjugating  the  HIV  Gag  protein  to 
the  TLR7/8  agonist  has  a  profound  effect  on  both  the 
magnitude  and  the  quality  of  such  responses. 

Although  there  is  clear  evidence  for  cross-presentation  of 
protein  antigens  in  mice  (16,  25),  there  are  no  reports  that 
directly  demonstrate  this  finding  in  NHPs.  Remarkably,  four 
NHPs  immunized  with  the  Gag-TLR7/8  conjugate  vaccine 
had  clearly  detectable  CD8+  T  cell  cytokine  responses  (Fig. 
3C).  Approximately  40%  of  the  total  cytokine  responses  were 
comprised  of  IFN-7-  and  TNF-a-producing  cells,  and  =25% 
were  polyfunctional,  secreting  all  three  cytokines  (Fig.  3D). 
We  would  note  that  the  ability  of  CD8+  T  cells  to  secrete  IL-2 
may  be  important  for  their  capacity  to  expand  and  could 
enhance  their  effector  function  in  vivo.  In  the  other  vaccine 
groups,  the  low  number  of  positive  events  collected  precluded 
a  consistent  qualitative  assessment.  Because  the  generation  of 
CD8+  T  cell  responses  by  the  Gag-TLR7/8  conjugate  vaccine 
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Fig.  3.  Gag-TLR7/8  conjugate  immunization  enhances  the  magnitude  and 
alters  the  quality  of  Thl  and  CD8+  T  cell  responses.  Nine-color  flow  cytometry  was 
performed  on  PBMCs  from  NHPs  immunized  with  theTLR7/8,  TLR8  agonist,  CpG 
ODN,  or  Gag-TLR7/8  conjugate  after  the  fourth  immunization.  Cytokine  analysis 
for  IL-2,  IFN-y,  or  TNF-a  was  performed  on  CD45RA~CD95+  CD4+  or  CD8+  T  cells, 
as  described  in  Fig.  2.  (A)Thefrequencies  of  the  total  memory  CD4+Tcell  cytokine 
response  from  four  individual  animals  in  all  vaccine  groups,  except  CpG  ODN  ( n  = 
3  animals).  (B)  Quality  of  CD4  memory  response.  The  total  memory  CD4+  T  cell 
cytokine  response  is  further  divided  into  seven  distinct  subpopulations  producing 
any  combination  of  IFN-y,  IL-2,  or  TNF-a;  these  data  are  shown  as  the  means  of 
their  respective  percentages  from  the  four  animals  per  group  (except  CpG  ODN; 
n  =  3  animals).  (O  The  frequencies  of  the  total  memory  CD8+  T  cell  cytokine 
response  from  four  individual  animals  (except  CpG  ODN;  r  =  3  animals).  (D)  The 
quality  of  the  memory  CD8+  T  cell  cytokine  response  is  shown  as  the  means  from 
the  four  animals  postimmunization  with  Gag-TLR7/8  conjugate  Vaccine  groups 
(A  and  O,  •,  Gag;  ▲,  Gag  plus  CpG;  T,  Gag  plus  TLR7/8;  ■  Gag  plus  TLR8;  O, 
Gag-TLR7/8  conjugate. 


provides  strong  evidence  for  cross-presentation,  it  was  of 
interest  to  compare  such  responses  with  those  elicited  from 
NHPs  immunized  with  a  clinical-grade  replication-defective 
adenovirus  expressing  HIV  Gag  (rADV-Gag).  The  magnitude 
of  the  total  memory  CD8+  T  cell  cytokine  responses  from 
three  NHPs  immunized  with  rADV-Gag  ranged  from  0.1- 
0.9%  and  were  comprised  of  cells  producing  IFN-7  only 
(-25%),  IFN-7  and  TNF-a  (-30%),  or  IFN-7,  TNF-a,  and 
IL-2  (—15%)  (data  not  shown).  Together,  these  data  show  that 
multiple  immunizations  with  the  Gag-TLR7/8  conjugate  are 
required  to  generate  CD8+  T  cell  responses  of  comparable 
magnitude  and  similar  quality,  when  compared  with  a  single 
injection  of  the  most  immunogenic  replication-defective  viral 
vector.  Despite  the  greater  efficiency  of  rADV  for  eliciting 
CD8+  T  cell  responses,  preexisting  immunity  from  prior 
adenoviral  infection  may  limit  the  immunogenicity  of  rADV 
vaccines.  In  addition,  rADV  immunization  itself  will  induce 
antibody  responses  that  may  limit  its  ability  to  be  used  for 
repeated  boosting.  Thus,  the  Gag-TLR7/8  conjugate  offers  a 
vaccine  modality  that  can  be  administered  repeatedly  to  boost 
and/or  sustain  cellular  immune  responses. 


Fig.  4.  Immunization  with  HIV  Gag  protein  and  the  TLR7/8  agonist,  CpG 
ODN  or  Gag-TLR7/8  conjugate  elicits  high-titer  antibody  responses.  HIV  Gag- 
specific  antibodies  were  assessed  in  serum  obtained  from  NHPs  after  the 
fourth  immunization.  Data  are  shown  from  four  to  five  individual  animals  per 
group.  *,  P  <  0.05. 


Immunization  with  Gag  Protein  and  TLR  Agonists  Increases  Antibody 
Responses  in  Vivo.  The  final  aspect  of  this  study  was  to  assess  the 
humoral  immune  responses  after  immunization.  Significant  in¬ 
creases  in  endpoint  Gag-specific  antibody  titers  of  >10,000  were 
observed  in  NHPs  immunized  with  HIV  Gag  protein  and 
TLR7/8  agonist,  CpG  ODN,  or  the  Gag-TLR7/8  conjugate, 
compared  with  HIV  Gag  protein  alone  (Fig.  4).  These  data  are 
consistent  with  the  expression  of  TLR9  and  TLR7  on  B  cells  (26) 
and  demonstrate  that  such  vaccines  induce  strong  humoral  and 
cellular  immune  responses  in  NHPs. 

Discussion 

A  rational  approach  to  vaccine  development  is  to  define  the 
immune  correlates  of  protection  and  then  design  vaccines  to 
elicit  such  responses.  This  report  attempts  to  address  both  of 
these  issues.  The  findings  that  immunization  with  HIV  Gag 
protein  and  CpG  ODN  or  the  TLR7 /8  agonist,  but  not  the  TLR8 
agonist,  elicited  significantly  greater  Thl  responses  than  did 
HIV  Gag  protein  suggests  that  activation  of  pDCs  may  be 
sufficient  for  generating  Thl  responses  in  NHPs.  pDCs  could 
mediate  their  effects  on  Thl  differentiation  through  IFN-a  (27) 
acting  directly  on  the  CD4+  T  cells.  In  addition,  IFN-a  could 
influence  maturation  of  cDCs,  thereby  indirectly  altering  the 
response.  Because  pDCs  (7,  28)  and  IFN-a  (27)  have  little  direct 
role  for  eliciting  primary  Thl  responses  in  mice,  these  data 
highlight  the  importance  of  using  NHPs  for  modeling  vaccines  in 
which  such  responses  may  be  important  in  people.  With  regard 
to  the  potential  role  of  using  TLR  agonists  to  activate  cDCs,  the 
TLR8  agonist  elicited  substantial  production  of  functional  IL-12 
in  vitro  from  NHP  PBMCs  and  human  cDCs  but  was  a  poor 
adjuvant  for  generating  Thl  responses  in  vivo.  These  data  suggest 
a  discrepancy  between  the  in  vitro  immunogenicity  and  the 
ability  of  the  TLR8  agonist  to  be  an  effective  adjuvant  for 
eliciting  T  cell  responses.  It  is  possible  that  increasing  the  amount 
of  the  TLR8  agonist  or  conjugating  it  to  the  HIV  Gag  protein 
would  have  elicited  better  Thl  responses.  Overall,  these  data 
provide  a  baseline  for  the  type  of  cellular  responses  that  can  be 
generated  by  mixing  these  specific  TLR  adjuvants  with  the  HIV 
Gag  protein. 

To  test  whether  changing  the  vaccine  formulation  would  alter 
the  immunogenicity,  a  second  focus  of  this  study  was  to  deter¬ 
mine  whether  conjugating  the  HIV  Gag  protein  to  the  TLR7 /8 
agonist  enhanced  immunity  in  vivo.  Indeed,  immunization  with 
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the  Gag-TLR7/8  conjugate  vaccine  resulted  in  higher  Thl 
responses,  compared  with  all  other  vaccine  groups.  Further¬ 
more,  the  generation  of  CD8+  T  cell  responses  after  immuni¬ 
zation  with  Gag-TLR7/8  conjugate  is  direct  evidence  that  a 
protein  vaccine  with  a  TLR  agonist  can  lead  to  cross¬ 
presentation  in  NHPs.  Potential  mechanisms  to  explain  such 
findings  include  increased  antigen  uptake  by  DCs  (29),  duration 
of  antigen/adjuvant  stimulation,  or  synchronized  delivery  of 
protein  and  adjuvant  to  the  same  cell  (30).  Moreover,  because 
TLR7  and  -8  are  expressed  intracellularly  on  endosomes,  the 
conjugate  vaccine  may  alter  the  magnitude  or  duration  of  TLR 
signaling  within  the  endosome,  resulting  in  better  activation  (31) 
and  may  facilitate  processing  of  the  protein  into  the  MHC/class 
I  pathway.  Finally,  the  conjugation  process  itself  may  have 
increased  the  immunogenicity  of  the  HIV  Gag  protein  through 
formation  of  multimeric  aggregates 

In  terms  of  additional  mechanisms  that  would  influence  the 
generation  of  Gag-specific  CD8+  T  cell  responses,  IFN-a  has 
been  shown  to  be  required  for  mediating  cross-presentation  in 
mice  (16).  Here,  we  show  that  the  TLR7/8  agonist  and  CpG 
ODN  induced  IFN-a  from  human  pDCs  in  vitro  and  enhanced 
the  generation  of  Thl  responses  in  vivo  when  used  as  adjuvants 
with  HIV  Gag  protein,  suggesting  that  IFN-a  is  also  induced 
in  vivo.  However,  animals  immunized  with  HIV  Gag  protein  and 
the  TLR7/8  agonist  or  CpG  ODN  did  not  elicit  appreciable 
CD8+  T  cell  responses.  Thus,  whereas  IFN-a  is  necessary  for 
cross-presentation  in  mice,  it  may  not  be  sufficient  in  primates 
with  a  protein  vaccine.  Because  the  TLR7/8  agonist  has  the 
capacity  to  activate  both  cDCs  and  pDCs,  it  remains  an  open 
question  as  to  whether  either  or  both  of  the  subsets  are  required 
to  elicit  CD8+  T  cell  responses.  Studies  using  protein  conjugated 
to  CpG  ODN  or  a  TLR8  agonist  should  provide  further  insight 
into  the  specific  role  that  direct  activation  of  plasmacytoid  cDCs 
or  cDCs  has  in  this  process. 

The  final  aspect  of  these  studies  focused  on  the  quality  of  the 
T  cell  responses.  The  ability  to  delineate  seven  functionally 
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distinct  T  cell  populations  based  on  production  of  IL-2,  IFN-y, 
and  TNF-a  emphasizes  the  heterogeneity  of  the  T  cell  responses 
generated  after  immunization  and  should  be  useful  for  more 
accurately  defining  immune  correlates  of  protection  for  diseases 
requiring  such  responses.  The  ability  of  the  Gag-TLR7 /8  con¬ 
jugate  to  induce  a  high  frequency  of  IL-2-,  IFN-y-,  and  TNF- 
a-producing  memory  CD4+  and  CD8+  T  cells  may  provide  the 
optimal  functional  cell.  In  this  regard,  IL-2  would  be  important 
to  sustain  memory  and  mediate  expansion  of  both  CD4+  and 
CD8+  T  cells,  whereas  IFN-y  and  TNF-a  mediate  effector 
functions.  A  critical  question  is  whether  these  polyfunctional 
cytokine  responses  would  confer  protection  against  a  challenge. 
This  cannot  be  assessed  in  this  study,  because  the  immunogen 
used  was  HIV  and  not  simian  immune  virus  (SIV)  Gag  protein. 
We  used  HIV  Gag  protein  so  that  any  promising  results  could 
be  readily  translated  into  a  vaccine  regimen  in  humans.  Because 
of  the  limited  cross-reactivity  of  HIV  to  SIV  Gag  and  the  fact 
that  HIV  does  not  infect  macaque  species,  there  was  no  utility 
in  challenging  animals  in  this  study  with  SIV.  Studies  are  now 
underway  in  which  SIV  Gag  protein  will  be  conjugated  to  the 
TLR7/8  agonist  to  determine  whether  this  formulation  alone  or 
in  combination  with  a  boost  with  rADV-Gag  will  confer  pro¬ 
tection  against  challenge.  In  conclusion,  this  report  shows  that  a 
protein-based  vaccine  may  be  useful  for  preventive  and  thera¬ 
peutic  vaccines  for  infections  and  tumors  in  which  humoral  and 
cellular  immunity  is  required.  Future  studies  using  protein- 
TLR7/8  conjugate  vaccines  alone  or  in  prime-boost  regimens 
with  replication-defective  viral  vaccines  will  establish  whether 
such  an  approach  will  confer  protection  in  NHP  models  of  HIV, 
malaria,  and  tuberculosis. 
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